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We propose an alternative and simple solution to self-referenced digital holographic imaging based on a
ring-shaped bifocal lens, without the need of any mirrors, polarizers or spatial light modulators. We discuss the
imaging properties of the ring-shaped bifocal lens in self-referenced holography. The easy applicability of this
bifocal lens is demonstrated on a realized microscope setup for volumetric observation of freely moving fluorescent
objects, based on a conventional light microscope.
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The aim of our research is to develop a microscope that
can detect, localise and image freely moving fluorescent
objects within a thick volume in real time. The realization
of such an instrument would result in an immediate in-
dustrial benefit, for example, real-time water monitoring
systems [1] can be built, where the use of self-referenced
holography [2, 3] is undoubtedly very profitable.
Holographic imaging is based on an interference
phenomenon, in which wavefronts are captured to re-
construct the image of the measured objects [4]. Two of
its main advantages are the possibility to increase the
depth of the observed volume without having a consid-
erable loss in the resolution [5], and the potential of
lens-less imaging [6]. In the traditional in-line [7] and
off-axis [8] setups, one light source with an appropriate
length of coherence is used to implement both the target
and the reference beams. Such a light source can be a
laser [9], a LED [10], an electron gun [11], or some other
sources [12] as well.
However, in some cases, these traditional arrange-
ments cannot be applied. Either the size and/or theCorrespondence: kiss.marton@sztaki.mta.hu
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the Creative Commons license, and indicate ifposition of the target object does not permit the proper
interference of the target and reference beams, or the
light emission of the targets themselves is the relevant
feature that is to be detected and reconstructed. In these
cases, Self-referenced Holographic Setups (SHS) can be
applied. In these setups, the target and reference beams
are the differently modulated lights of the same emitted
(or reflected) light of the measured object. The require-
ment of proper interference is that the optical path dif-
ference of the two beams has to be smaller than the
coherence length of the light.
Self-referenced Holography (SH) is frequently applied
to image fluorescent [13], distant and extended objects
[14], or stars [15]. An architecture of the SHS can be
based on either an interferometer (e.g. Hariharan-Sen
[16, 17]), bi- or multifocal lens [18, 19], or on a diffract-
ive optical element [20].
Although the concept of bifocal lens based SHS was
already presented in the early years of holography [4],
and the application of birefringent bifocal lens, double
half lens, Fresnel zone plate, and their mixed solutions
were proposed, only some of them were tested experi-
mentally [21]. Recently, the application of Spatial Light
Modulators (SLM) extended the list of bi- and multifocal
lens based SHS [22].
Usually, interferometer-based SHSs are quite large and
complex, due to the mirrors required, which also makesis distributed under the terms of the Creative Commons Attribution 4.0
rg/licenses/by/4.0/), which permits unrestricted use, distribution, and
e appropriate credit to the original author(s) and the source, provide a link to
changes were made.
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the used beam splitter typically result in more than 50 %
light intensity loss. Polariser based SHSs are also
doomed to face the latter problem, which is also a par-
ticularly challenging limitation when the light emission
of the objects is little, as in the case of the above-
mentioned fluorescent imaging.
All the SLM- and some of the interferometer-based
setups also offer the possibility of twin-image elimin-
ation; however this can usually be fulfilled only for static
objects, as the method is based on phase-shifting inter-
ferometry and requires multiple exposures of the same
object [23].
The above limitations of the earlier approaches di-
rected our attention to the application of a special bi-
focal lens in SHS. That is, to apply a Ring-shaped Bifocal
Lens (RBL) [24] to implement SH. According to our best
knowledge, so far this approach was not proposed, used
or tested by others.
In this paper, our goal is to prove that the RBL is an
efficient tool for making holography based fluorescent
volume detection, localization and imaging. First, let us
overview the main details of the imaging method of the
SH, and outline the hologram generating principle of the
RBL in the next section. Second, the main advantages
and disadvantages of the RBL made holograms are dis-
cussed. Finally, we demonstrate the applicability, and the
ability to fluorescent targets volume imaging of the RBL
through the experimental study of the RBL based SHS.
Methods
The self-referenced imaging and the RBL
Let us briefly summarize the self-referenced hologram
generating method. An SHS generates two waves (a
wave pair) with different wavefront curvatures from a
light coming from a point of the object.
The interference of the pair of waves produces a Self-
referenced Interference Pattern (SIP). The SIP captured
by a digital camera is the digital intensity hologram. Sev-
eral object points will have several SIPs by the SHS, and
the camera captured image of their sum also is the
digital intensity hologram.
When the light coming from different points of the
object are coherent with each other, the complex ampli-
tude of their SHS generated SIPs is added. Otherwise,
only the intensities of their SIPs are summed. (Obviously
there is a case when the SIPs are partially coherent with
each other.) Thus, in the particular case of fluorescent
objects, only the intensities of the SIPs are summed,
irrespectively of the type of their excitation light.
Let us analyse the formation of a single SIP in the fol-
lowing. A spherical wave emitted (or reflected) by a sin-
gle point is divided than modulated differently by the
SHS into two spherical waves, with a radius ofcurvatures (R1, R2) at the detector plane. Our calcula-
tions pointed out that the interaction of these waves gen-
erates an interference intensity pattern, which is the same
as the intensity of the interference of a plane wave and a
spherical wave with radius of curvature Rd (Eq. (1)), where
Rd ¼ R1  R2R1−R2 : ð1Þ
Rd is used to define the reconstruction distance of the
corresponding object point. As the SIPs are incoherently
summed up, they do not disturb each other, and there-
fore, their reconstruction distances remain unbiased.
This property is important when the reconstruction is
used for object localization. However, the more incoher-
ent summation of the SIPs, the less relative dynamic
range of the detector, which results in considerable loss
of contrast of the captured digital hologram.
Next, our novel optical solution is presented for creat-
ing double coherent waves from a single one for the pur-
pose of self-referenced holography.
RBL hologram generation
At the central point of our SHS stands the Ring-shaped
Bifocal Lens that realise the self-referenced hologram
with the required beam splitting. This splitting is the re-
sult of the division of the aperture of the RBL. The two
apertures are different; the central one is circular while
the other is a ring around it. Both of them are symmetric
to the optical axis. These aperture areas have a focus dif-
ference, which in general can be reached with the optical
property of the material (e.g. grin lens), or with the
geometry. Here, we use an RBL where the geometry of
the lens generates the different focuses. To ensure
exactly two focuses, only one of the two surfaces (the
right one) is diversified, as it can be seen in Fig. 1.
In our experiments, we use a custom made RBL,
which consists of a central plano-convex lens (focal
length 400 mm), and a “biplane ring-shaped lens” having
infinite focus. The outer diameter of the whole RBL is
10 mm while the diameter of the inner lens is 6 mm.
The scheme of the hologram generation of the actual
RBL is shown in Fig. 2 when the source object is at an
infinite distance. One can see that the RBL creates two
beams, a central placed cone shaped one, and a hollow
one. These beams have a ring-shaped cross section at
the plane of detection. The self-referenced hologram of
a single point created by the RBL is ring-shaped as it is
shown in Fig. 4. Because the middle of this hologram is
missing, we call it gappy hologram. The shape of the
hologram is determined by the shape of the outer aper-
ture of the RBL, and only the divergences of the beams
depend on the focal parameters (Fig. 2).
Fig. 1 Two-view scheme of the Ring-shaped Bifocal Lens (RBL)
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amplitude beam the following way (Eq. (2)):
U r;RBL2ð Þ ¼ U r;RBL1ð Þ  AoLo þ AcLcð Þ ð2Þ
Where U(r, RBL2) denotes the generated beam, Ao
(Eq. (3)) and Ac (Eq. (4)) correspond to the ring and the
central apertures of the RBL, while Lo (Eq. (5)) and Lc
(Eq. (6)) describe the phase modulation property of the
lenses in the ring-shaped and the central area.
Ao ¼ sign r−Rð Þ ð3Þ
Ac ¼ sign R−rð Þ ð4ÞFig. 2 a Self-interference pattern generation by the RBL from a
collimated beam. RBL creates a hollow and a central beam from
a single incident beam. IP denotes the area of the intersection
of the two generated beams. b RBL implementations using
different focal length lens. The dark green areas are the
overlapping parts of the different beams. The shape of the outer
aperture of the RBL will determine the shape of the hologram. Ring
aperture creates ring-shaped hologramLo ¼ exp iπ= λ  f oð Þr2
 ð5Þ
Lc ¼ exp iπ= λ  f cð Þr2
 ð6Þ
where
sign xð Þ ¼ 0; x < 0
1; x ≥ 0;

ð7Þ
and r denotes the distance from the optical axis, R the
inner radius of the RBL, and λ the applied wavelength,
while fo and fc are the focal lengths of the ring and the
central areas, respectively.
The optical path difference problem
It is known, that in SHSs the Optical Path Difference
(OPD) between their different optical ways have to be
smaller than the coherent length of the used light to
have interference phenomena and hologram.
First, let us observe the OPD on a convenient
Hariharan-Sen [15] interferometer based SHS in the case
when a single target point is on the optical axis. It is also
shown in Fig. 3, and one can see, that even if the light of
that target point is split, modulated independently than
united to make interference, the created two beams after
their union have zero OPD along the optical axis. Due
to the curvature differences of the wavefronts of the twoFig. 3 a Wavefronts of a single-point source modulated by a
Hariharan-Sen interferometer. b Wavefronts of a single-point source
modulated by the RBL. At the detector plane, the yellow crosses
denote the places, where the OPD between the two beams is zero,
thus we have a constructive interference. The red lines (or dot that is a
zero length line) originating from a pixel of the detector show the
optical paths between the pixel and the pair of wavefronts. The length
difference between such red lines is the OPD at the pixel in question
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optical axis. At the plane of the detector, where the OPD
become bigger than the coherent length of the used light
the interference phenomena will disappear, and there
will be the border of the hologram.
Considering these findings and that the RBL formed
hologram is a gappy one, we aimed to design the RBL to
achieve zero OPD between the central beam and the
hollow beam at the common ring-shaped area at the de-
tector plane not on the optical axis. We illustrate the de-
sign on Fig. 3. To have this zero OPD we calculated the
required thickness difference between the central and
the ring area of the custom made RBL.
As the relative curvatures between the wavefronts
change during the propagation, it can be seen that the
OPDs at the plane of detection also depend on the ac-
tual position of the detector.
The attributes of the RBL
Using an RBL based SHS a single point target generates a
ring-shaped (gappy) hologram, which is shown in Fig. 4. In
the central region of such hologram, the interference pattern
with the low spatial frequency components is missing be-
cause the intensity of the hollow beam is zero at that place.
The reconstructed image of the ring-shaped hologram
will appear in the middle of the ring, not on the interfer-
ence fringes. Thus, an even (homogenous) background
can have the reconstructed image. Furthermore, the twin
image diffractions expanding outwards and never overlap
with the image reconstruction itself. However, we should
note, that the absence of low-frequency components
might result in deterioration of the image.Fig. 4 A typical self-referenced digital intensity hologram using an
RBL. Interference fringes only appear in the ring area, due to the
geometry of the hollow beam. This results in that the low spatial
frequency components will be not recorded in the hologram, and
this way they will be missing from the hologram reconstructions tooEven if the image reconstruction is not perfect, we will
show that using the proposed method, one can still de-
tect the 3D position of the target objects and will be able
to discriminate between them correctly.
Using numerical simulations, we investigated the rela-
tionship between the parameters of the ring-shaped
hologram and its reconstruction properties. We handled
both the depth of focus of the reconstruction and the
Strehl ratio (the quotient of the maximum intensities of
an actual and a reference reconstruction images) with
exceptional care.
First, we simulated the diffraction limited hologram of a
single point source. In the simulated case, that contains
seventeen concentric rings of interference. Second, starting
from the middle one, we mask more and more interference
rings, thus simulating gappy holograms. The relationship
between the number of missing interference rings and the
quality of the reconstructed images were measured.
The reconstruction distance was set 3000 μm while
the wavelength and pixel size were 530 nm, and 0.9 μm
respectively. The simulated holograms, the reconstruc-
tions and the measured parameters like the Strehl ratio
and the depth of focus are shown in Fig. 5.
To determine the depth of focus I used the following
definition: a point is reconstructed at a special recon-
struction distance if the intensity of the reconstructed
point is not lower than the maximal intensity of its back-
ground. The background intensity is estimated from aFig. 5 The effects of the gap-size on the hologram reconstruction
properties. a The diagram of the depth of focus (y1, [μm], ) and
the Strehl ratio (y2, [-], ) as the functions of the hologram
incompleteness. The values of the x-axes denote the number of the
missing interference rings. b The reconstructed images of the
different gappy holograms, that can be considered also as the spot
diagram of the different ring-shaped holograms. c Gappy intensity
holograms with different gap-sizes
Fig. 6 The scheme of the RBL based self-referenced holographic
microscope setup. The objective collimates the light of a point
source. This light beam is spatially divided by the RBL. The colour filter
(CF) is primarily used to cut off the excitation light. The tube lens
adjusts the divergence of the two beams. Finally, the detector captures
the digital hologram. IP denotes the grey area, where the two beams
can interfere with each other
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structed point.
The Strehl ratio is defined as the quotient of the max-
imum intensities of the actual gappy hologram recon-
struction and the full hologram reconstruction.
Our results show that by the increase of the missing
area, the Strehl ratio decreases and the depth of focus
increases. It can also be observed that the depth of focus
is increasing when a ring-shaped hologram becomes
thinner, but this effect is only apparent when the gap is
sufficiently large, in the first few cases when the gap is
small, it is unnoticeable. Thus, setting the rate of the
aperture areas of the hologram with the aperture param-
eters of the RBL, these properties of the reconstructed
image can be hold. Observing the point spread functions
(PSF) of the spot diagram, it can be seen that as the size
of the central spot and its maximal intensity decrease
while the artefact caused by the surrounding ring in-
crease with the increase of the relative gap size. As these
diffraction rings can produce interference with the
fringes of the target object reconstruction, the size and
shape (spot, line, grid…) parameters of the target will
also shape the resolution of the imaging. In section 4.2
the PSF of the built SHS setup is presented.
We have to note that the narrow ring-shaped holo-
gram of a single point source has an elongated, line-like
image along the direction of the reconstruction. This is
an axicon-like property. The further discussion is of this
topic is beyond the scope of the present paper.
The self-referenced holographic microscope
In this section, we discuss an actual implementation of a
self-referenced digital holographic microscope based on
a commercially available microscope and the RBL dis-
cussed so far.
For this purpose, the RBL was placed into an Olympus
(IX71) microscope, on the rear surface of the objective
(Olympus, 4x Plan, NA= 0.16, f = 45 mm, infinity cor-
rected). The hologram was recorded with a high sensitivity
C-MOS camera (ASI120MM-S, 1280x960). The camera
was placed 40 mm out of the focal plane of the camera
adapter (U-TV0.5XC-3) which was placed on a trinocular
tube (U-TR30-2). The excitation light had a wavelength of
405 nm. For the observance of the fluorescent USAF test-
target (EO Stock No. 57-792), a dichroic emission filter
was applied (10 nm bandwidth and the central wavelength
is 530 nm, Thorlabs FB530-10) between the RBL and the
trinocular tube. When the algae sample was measured, we
also used a longpass filter (Thorlabs FEL 600). The
scheme of the measuring setup is illustrated in Fig. 6.
As the RBL generates two different beams from the
light of a single point object, it also generates its two real
images at the first and the second image planes. The
first image is produced by the cone-shaped beam,which is surrounded by the defocused image of the
hollow beam. On the other hand, the second image is
reproduced from the hollow beam, while the de-
focused cone shaped beam overlaps with it. The two
images appear at different planes. We illustrate such
dual-imaging at Fig. 7.
Results
Imaging with the RBL basedself-referenced
holographic microscope
The angular spectrum method [25] was applied to re-
construct the objects from their digital holograms. Three
different measurements were made to test the operation
and efficiency of the introduced SHS.
In the first one, holograms of different size of objects
from the same depth were captured and reconstructed
to get partial information about the resolution. In the
second experiment, the holograms of an object in three
different distances were measured and reconstructed to
know that the setup can make volume detection. Finally,
in the third measurement, auto-fluorescent self-referenced
holographic image of an algae sample was captured and
evaluated to realise that it can make auto-fluorescent bio-
logical measurements.
The effect of the object size on the reconstruction quality
Our first test consisted of using four different samples
from the number “2” of USAF 1951 fluorescent test target,
with different sizes. One by one, we placed these test tar-
gets at the same position, just on the focal plane of the ob-
jective. One of the four sample reconstructions and the
cropped images of the reconstructions are shown in Fig. 8.
Comparing these reconstruction results (Fig. 8), it can
be seen that the more point sources contributes to the ob-
ject the lower contrast the reconstructed image will have,
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information of the hollow beam limits the resolution of
the imaging, but not the resolution of the detection.Reconstruction of object in different depths
We estimate the depth of the measurable volume by pla-
cing the object in the -0.5 mm, 0 mm, +1 mm positions
along the optical axis. The position of 0 mm corre-
sponds to the focal plane of the used objective, and
the others are end positions of the adjusting mechan-
ism. We note that the position of the object was also
changed in the lateral direction to avoid the overlap-
ping of the reconstructed images. As we used one
fluorescent USAF test target, we had to position itFig. 7 As the RBL is a bifocal lens, it is a dual-imaging system. It cre-
ates double images of one target at different planes. (These planes
are also captured.) The first image is produced by the cone-shaped
beam, which is surrounded by the defocused image of the hollow
beam. On the other hand, the second image can be reproduced
from the hollow beam, while the defocused cone shaped beam
overlaps with it. Here the two image planes and the hologram plane
can be seen with the intensity patterns generated with the RBL
based Self-referenced Holographic System (SHS), where the target is
the sign “W”. One can see, that the first image (a) is surrounded by
the hollow beam. Vice versa, the second image (b) overlaps with the
defocused cone beam. c is the intensity distribution of the a and b
images along the red line, and d is the hologram of the same targetand make the exposures three times to capture the
three holograms belonging to the different depths.
By adding the intensities of these hologram images, we
simulated the recording of a single exposure hologram of
the target objects, which are in different depth and lateral
positions. In the following, we shall call the result as
Measured Hologram (MH). The MH has inhomogeneous
background that is caused by the zero order diffractions.
This background results in an elevated noise in the recon-
structed image. To eliminate the zero order I subtracted
the MH from the sharpened MH, which was created with
the “sharpeningFilter” function of Matlab®. The sharpen-
ing also increased the contrast of the interference fringes,
while the change of the zero order was negligible. As the
proper estimation of the zero-order term is needed for the
correct reconstruction, the eliminated zero-order is
replaced by an even unit size intensity in the hologram.
We call this modified MH as Corrected Hologram (CH).
In Fig. 9, we show the halves of both of the MH and
the CH then the reconstructions of the CH at different
depths, and also one MH reconstruction.
Beside the efficiency of the introduced hologram correc-
tion method, the reconstructed images also demonstrate
that the RBL based SH microscope can reconstruct an ob-
ject within a volume having more than a 1.5 mm depth.
Considering the fact that a conventional microscope has
only 55 μm depth of focus at this magnification level, theFig. 8 Resolution and contrast measurements with the RBL based
SHS. a One reconstructed hologram; b-e the reconstructed images
of different sized “2” shaped objects, where the physical sizes of the
test targets were decreasing. The orange scale bars are 200 μm long.
One can see, that as more point sources contributes to the object
the lower contrast the reconstructed image will have. The missing
information of the hollow beam limits the resolution of the imaging,
but not the resolution of the object detection
Fig. 10 The cross section of the PSF of the conventional microscope
(CM, - -) and the built RBL based holographic setup (SHS, —), where
the target, the 4 μm illuminating (530 nm) spot, is at different
distances. X and Y denote the position on the detector and the
relative intensity respectively. It can be seen, that the PSF of the SHS
does not change significantly with the target distance, but the PSF
of the CM changes. The different colours belonging to different
target distances as it is shown in the corner
Fig. 9 In contrast to the conventional microscopes, the proposed
RBL based device has a reconstruction depth of 1.5 mm, which is
over 25 times of conventional microscopes. a Half image of the
Measured hologram (MH) created with the RBL based SHS, and a half
image of the modified MH, which has a numerically flattened
background, and which is called Corrected Hologram (CH). b Three
different reconstructions of the CH and one reconstruction of the
MH. “zx” denotes the real axial target positions belonging to the
reconstructions of both CH and MH. “z1” = −0.5 mm; “z2” = 0 mm
(target is at the focal plane of the objective); “z3” = +1 mm
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over 25 times.
The PSF characteristics of the discussed RBL based SHS
and commercial microscope that belongs to a point sourcetarget of distances (1, 0.5, 0, -0.5 mm) is presented in Fig. 10.
In the experiment, we applied a fibre end with 4 μm diam-
eter, which is emitting 530 nm green light, of a LED.
Because different exposure times have to be used for the
holographic and for the conventional microscope, to com-
pare the results I normalised the two measurements. Be-
cause holography needs a background for the correct
reconstructions to have correct intensity values, the PSFs of
the reconstructions have an offset. This decrease the con-
trast of the reconstructed image. These PSF characteristics
that has been reached in the experiments with the built
SHS setup also show that the RBL can increase the depth
of the observed volume. Although the central spot sizes of
the different reconstructions are similar to the convention-
ally captured spot size (when the target is in focus). The re-
constructed rings can bias the resolution in a special way.
Holographic imaging of auto-fluorescent objects
Let us demonstrate the capabilities of the proposed sys-
tem. For this purpose, we recorded a self-referenced
hologram of an alive filamentous green algae sample.
Using a proper emission (longpass colour) filter, the light
used for the excitation is filtered. However, this does not
increase the coherence length of the emitted fluorescence
(Chlorophyll A auto-fluorescent, central wavelength: 680
nm, band with: ~30 nm). The reconstruction method was
the same as in the experiment detailed above. The fluores-
cent image, the captured hologram and the reconstruction
of the sample can be seen in Fig. 11.
Our measurements show that not only the filamentous
green algae but also some other smaller algae fragments
are detectable. In conclusion, the RBL based SHS can
make an informative holographic image using fluores-
cent light with 14 μm coherence length.
Fig. 11 a Conventional Fluorescent image of a filamentous and some
smaller green algae. The orange scale bar is 200 μm long. b The self-
referenced hologram using RBL based SHS. c Reconstructed image.
The achieved reconstruction mark the position of the sample objects,
it also represents some shape and size information about the target
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The main challenge in the design process of the custom
Ring-shaped Bifocal Lens (RBL) was to keep the optical
path difference of the different beams bellow the coher-
ence length of the fluorescent emission, as close to zero as
it is possible. The primary parameter of the design was the
thickness difference of the central and the ring-shaped
area of the RBL. These are, however, depends on the ac-
tual focus parameters of the optical setup. The aperture
parameters mostly limit the low-frequency components
which will be missing from the self-referenced holograms.
By using a proper band-pass filter, one can increase
the coherent length of the emitted fluorescent light, thus
the contrast of the fluorescent self-referenced hologram
and the contrast of the reconstruction as well. When all
the objects emit fluorescent light of the same colour, a
band-pass filter can be advantageous; otherwise (such as
different algae with different fluorescent emissions) the
original RBL should be used without any further filtering.
According to our measurements, the RBL can be effi-
ciently used for self-referenced holography. The most
prominent advantages of an RBL is that it is simple, it can
be manufactured easily, compact, and the self-referenced
architecture based on it is not sensitive to vibrations. Fur-
thermore, its single-shot imaging property makes it applic-
able to observe freely moving fluorescent objects as well.
However, we must note that the RBL based self-
referenced setups have to deal with some loss of the
low-frequency components, which deficiency generates a
diffraction-fringe-like noise on the reconstruction. Al-
though this property might limit the imaging property ofthe RBL based SHS, the exact position of the target ob-
ject is still determinable. This property can be efficiently
utilizable in applications where the 3D position of singu-
lar fluorescent point source is to be determined. Our re-
sults pave the way for a new kind of implementation of
3D photoactivated localization microscopy [26].
The results and effects connected with the RBL
and presented in this article are illustrating the im-
aging property of the RBL, and can help the further
optimizations.
Conclusion
Building the ring-shaped bifocal lens (RBL) into a com-
mon microscope, and making fluorescent measurements
with it, we pointed out that the RBL is a useful, and sim-
ple device to create stable self-referenced holographic
setups for detection, localisation and imaging of fluores-
cent, freely moving targets of an extended volume.
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